Objective-Vascular endothelial cells (ECs) confer atheroprotection at locations of the arterial tree where pulsatile laminar flow (PS) exists with a high shear stress and a large net forward direction. We investigated whether the PS-induced expression of the transcription factor Krüppel-Like Factor 2 (KLF2) in cultured ECs and its expression in the mouse aorta is regulated by AMP-activated protein kinase (AMPK). Methods and Results-AMPK inhibition by Compound C or siRNA had a significant blocking effect on the PS-induced KLF2 expression. The induction of KLF2 by PS led to the increase in eNOS and the suppression of ET-1, which could be reversed by KLF2 siRNA. In addition, PS induced the phosphorylation of ERK5 and MEF2 which are necessary for the KLF2 expression. These mechanotransduction events were abrogated by the blockade of AMPK. Furthermore, the phosphorylation levels of ERK5 and MEF2, as well as the expression of KLF2, were significantly reduced in the aorta of AMPK␣2 knockout mice when compared with wild-type control mice. Krü ppel-like factor 2 (KLF2) is a transcription factor whose expression is flow-dependent in vitro and in vivo and has been shown to regulate various EC functions including inflammation, thrombosis, proliferation, and vascular tone. 1-3 KLF2 belongs to the family of KLF zinc-finger transcription factors that are important regulators of cell differentiation and development. 4 Using microarray analysis, Dekker et al demonstrated that KLF2 is upregulated by prolonged laminar shear stress and that it is expressed in ECs of atherosclerosis-resistant regions of the human aorta. 1 Subsequent work by Lingrel and colleagues demonstrated that laminar shear stress induces transcriptional activation of KLF2 in ECs. 5 Our previous studies showed that KLF2 was induced by the atheroprotective flow, but not by atheroprone flow. 3,6 KLF2 has been implicated in mediating the antiinflammatory effects of flow, presumably by inhibiting proinflammatory transcription factors, such as ATF2, 7 AP-1, and NFB, 8 which in turn regulate gene expression.
V ascular endothelial cells (ECs) in the arterial tree are subjected to shear stress resulting from the flow of blood. ECs exposed to laminar flow patterns are spared from early lesions of atherosclerosis. In contrast, ECs at the arterial bifurcations and curvatures, where disturbed flow patterns exist, are susceptible to the development of atherosclerotic lesions. There is ample evidence indicating that the different patterns of shear stress associated with laminar versus disturbed flows play a significant role in regulating endothelial phenotype and vascular homeostasis.
Krü ppel-like factor 2 (KLF2) is a transcription factor whose expression is flow-dependent in vitro and in vivo and has been shown to regulate various EC functions including inflammation, thrombosis, proliferation, and vascular tone. [1] [2] [3] KLF2 belongs to the family of KLF zinc-finger transcription factors that are important regulators of cell differentiation and development. 4 Using microarray analysis, Dekker et al demonstrated that KLF2 is upregulated by prolonged laminar shear stress and that it is expressed in ECs of atherosclerosis-resistant regions of the human aorta. 1 Subsequent work by Lingrel and colleagues demonstrated that laminar shear stress induces transcriptional activation of KLF2 in ECs. 5 Our previous studies showed that KLF2 was induced by the atheroprotective flow, but not by atheroprone flow. 3, 6 KLF2 has been implicated in mediating the antiinflammatory effects of flow, presumably by inhibiting proinflammatory transcription factors, such as ATF2, 7 AP-1, and NFB, 8 which in turn regulate gene expression.
Functioning as a "fuel gauge" in multiple organ systems, AMPK is also important in the vessel wall. Nagata et al showed that hypoxia activates AMPK in human umbilical vein ECs (HUVECs), as indicated by increased phosphorylation at Thr-172 of the AMPK␣ subunit. 9 The suppression of AMPK signaling by a dominant-negative mutant of AMPK inhibited vascular endothelial growth factor-enhanced EC migration and hypoxia-induced differentiation into tube-like structures. 9 Notably, AMPK phosphorylates eNOS at Ser-1177/1179 and thereby augments the eNOSderived NO bioavailability. 10 -14 We have previously demonstrated that shear stress regulates AMPK in ECs and that this may account for the NO bioavailability and cell cycle arrested in G0/G1 under steady laminar flow. 15, 16 Based on the findings that both AMPK and KLF2 are upregulated by atheroprotective flow and both have similar effects on EC biology, we investigate whether AMPK activation is functionally linked to KLF2 expression in the vascular endothelium.
Materials and Methods

Cell Culture and Reagents
HUVECs were isolated from human umbilical cord veins as previously described. 17 The cells were cultured on plates coated with collagen I (BD Biosciences) and maintained in medium M199 (Invitrogen) supplemented with 20% fetal bovine serum (Omega), 25% endothelial cell growth medium (Cell Applications), 2 mmol/L L-glutamine, 1 mmol/L sodium pyruvate, and 1% penicillin/streptomycin. Cells within passages 5 to 8 were used in all experiments.
Antibodies used in this study were purchased from the following commercial sources: antiphospho-AMPK␣ Thr-172, anti-AMPK␣, antiphospho-ACC Ser-79, and anti-ACC (Cell Signaling Technology); antiphospho-MEF2 Thr-312 (Abcam), antiphospho-ERK5 Thr-218/Tyr-220 (Millipore), anti-␤ actin (Sigma): anti-␣ tubulin (Sigma). The anti-KLF2 antibody was obtained by immunization of the N-terminal region (aa 1 to 245) of human KLF2 fused to Fc. 
Flow Experiments
A circulating flow system was used to impose shear stress on HUVECs. 18 A reciprocating syringe pump was connected to the circulating system to introduce a sinusoidal component (frequencyϭ1 Hz) onto the shear stress. 6 Pulsatile shear flow (PS) was applied to cells with a shear stress of 12Ϯ4 dyn/cm 2 .
RNA Isolation, cDNA Synthesis, and Real-Time PCR
Total RNA was isolated with the use of Trizol reagent (Invitrogen). Reverse transcription was carried out with 3 g of total RNA by the Superscript II reverse transcriptase (Invitrogen). The synthesized cDNA was used to perform real-time quantitative PCR (qPCR) with the iQ SYBR Green supermix (Bio-Rad, Hercules, CA) on the iCycler real-time PCR detection system (Bio-Rad). The sequences of primer sets were: KLF2, AGACCTACACCAAGAGTTCGCATC and CATGTGCCGTTTCATGTGCAGC; eNOS, TGGTACAT-GAGCACTGAGATCG and CCACGTTGATTTCCACTGCTG; AMPK, GAATGGAAGGCTGGATGAAA and TTCTGGTGCAG-CATAGTTGG; endothelin-1 (ET-1), TCCTCTGCTGGTTCCT-GACT and CAGAAACTCCACCCCTGTGT; GAPDH, ATGA-CATCAAGAAGGTGGTG and CATACCAGGAAATGAGCTTG.
Protein Isolation and Immunoblotting
HUVECs were lysed with RIPA buffer (1% Igepal CA-630, 0.5% sodium deoxycholate, and 0.1% SDS in 1ϫ PBS) containing protease and phosphatase inhibitors. Proteins for in vivo experiments were isolated from the aorta harvested from control (C57BL/6J) or AMPK␣2 Ϫ/Ϫ mice. Equal amounts of protein were separated on SDS PAGE and transferred to a nitrocellulose membrane (Bio-Rad). After 1-hour blocking with 5% BSA, the membrane was probed with various primary antibodies and the appropriate secondary antibodies conjugated with horseradish peroxidase (HRP), followed by ECL detection (GE Healthcare). The protein bands were quantified by using the ImageJ software (National Institutes of Health).
siRNA Transfection
HUVECs were transfected with siRNA using the siPORT NeoFX transfection reagent (Ambion). The cells were incubated with the siRNA-transfection reagent complex for 12 hours. Fresh culture media were then added and replaced again at 24 hours. Twentyfour or 48 hours posttransfection, the cells were used in various experiments.
Animal Experiments
All experiments were performed according to institutional protocols (University of California) using 8-week-old male mice. The abdominal aorta was harvested from C57BL6J wild-type mice and AMPK␣2 Ϫ/Ϫ mice 19 (a gift from Dr B. Viollet, Institute Cochin, University Paris). Aortas were homogenized, and 2 aortic extracts were pooled to yield 1 sample, which was then analyzed for protein expression and phosphorylation by immunoblotting. The experiments were performed on 6 animals, and the pooling of aortic extracts from 2 animals yielded 3 independent biological samples for each measurement.
MEF2 en face immunostaining was performed according to protocols previously published. 16 The aortas were isolated and incubated with rabbit antiphospho-MEF2 antibody (Abcam) followed by the Alexa 647-labeled goat anti-rabbit IgG (Invitrogen). Rabbit IgG was used as negative control. The quantitative analysis was performed using LCS Lite software (version 2.0). Four animals were used for en face staining.
Statistical Analysis
All data were analyzed by Student t test (for paired testing between 2 groups used only once) or 2-way ANOVA (for testing of multiple groups). Results are expressed as meanϮSD from at least 3 independent experiments. Probability values Ͻ0.05 were considered to be statistically significant.
Results
Pulsatile Shear Flow Activates AMPK and Induces KLF2 Expression in ECs
As shown in Figure 1A , PS with a shear stress of 12Ϯ4 dyn/cm 2 and a frequency of pulsatility at 1 Hz increased the phosphorylation of AMPK Thr172 and its target ACC Ser79 in HUVECs as early as in 5 minutes. The increased phosphorylation of AMPK and ACC peaked at 1 hour and remained elevated for 4 hours ( Figure 1A ), this elevation lasted for at least 16 hours (data not shown). Parallel to the time course of AMPK activation, PS increased the expression of KLF2 mRNA beginning at 1 hour and the level remained high for at least 24 hours ( Figure 1B) . The KLF2 protein expression increased at 4 hours after the initiation of PS and remained high at 24 hours ( Figure 1C ).
AMPK Regulates KLF2 Expression in Response to PS
We next investigated whether AMPK activation is critical for the induction of KLF2 under PS. We inhibited AMPK PS activates AMPK and induces KLF2 in cultured ECs. Confluent HUVECs were exposed to PS for the indicated times. Static controls are represented as "time 0." The mean shear stress was 12 dyn/cm 2 (represented by dash line) with Ϯ4 dyn/cm 2 oscillation at 1 Hz. A and C, ECs were lysed, the lysates were separated by SDS-PAGE, and the membranes were probed with antibodies as indicated. B, RNA samples were isolated, and the levels of KLF2 mRNA were determined and quantified by real-time PCR, with the results normalized by GAPDH. The quantitative graphs below show the ratios of phosphorylated AMPK or ACC to total AMPK or ACC, respectively (A), KLF2 mRNA to GAPDH mRNA (B), and KLF2 to ␣-tubulin (C) at various time points. The shear results were normalized by that of the corresponding static control. The data represent meanϮSD from 3 independent experiments. *PϽ0.05 between the 2 groups being compared. 
KLF2 Regulates the eNOS and ET-1 Expression in Response to PS
To delineate the effects of PS-induced KLF2 on its downstream targets, we first determined the optimal siRNA concentration that was able to knockdown KLF2 expression in HUVECs with the efficiency of Ϸ80% suppression (supplemental Figure II) . We next examined the expression of eNOS and ET-1, 2 known targets of KLF2. As seen in Figure 2D , silencing of KLF2 expression led to a reduced level of eNOS in static cells and a significant decrease in eNOS induction in ECs exposed to PS. KLF2 silencing also resulted in the abolishment of PS-suppression of ET-1, which remained at basal level in the presence of PS ( Figure 2E ). Similar to the EC responses to the steady laminar flow, our results indicate that KLF2 acts as a key transcription factor mediating the PS-dependent expression of eNOS and ET-1, 2 critical genes for the maintenance of vascular homeostasis and vasomotor tone.
AMPK-KLF2 Signaling in Cultured ECs
To further elucidate the mechanism of KLF2 upregulation by AMPK, HUVECs were treated with AICAR (an AMPK agonist) or infected with Ad-AMPK-CA expressing a constitutively active form of AMPK. As shown in Figure  3A , KLF2 expression increased significantly in ECs treated with AICAR and those infected with Ad-AMPK-CA, as indicated by real-time Taqman PCR.
Because the MEK5/ERK5/MEF2 pathway regulates the flow-induced KLF2, and the phosphorylation of MEF2 at Thr312 by ERK5 increases the rate of MEF2-mediated transcription, 3, 20 we tested whether AICAR-induction of KLF2 mRNA is mediated by MEK5 and MEF2. As seen in Figure 3B and 3C, the increase in KLF2 in ECs treated with AICAR was abrogated by infection with Ad-MEK5-DN (the dominant negative mutant of the ERK5-upstream kinase MEK) or Ad-MEF2-DN expressing a dominant negative mutant of MEF2.
We then assess the role of AMPK activation in the phosphorylation of MEF2 through the MEK5/ERK5 pathway. The AICAR-induced phosphorylations of AMPK Thr172, ERK5 Thr218, and MEF2 Thr312 were markedly decreased in ECs in which AMPK␣1 was knocked down in comparison to those in cells treated with control siRNA ( Figure 4A ). The knockdown of AMPK␣2 also resulted in similar reductions ( Figure 4B ). Consistent with these results, the AICAR-increased ERK5 phosphorylation was inhibited by Compound C (supplemental Figure IIIA) and AD-MEK5-DN (supplemental Figure IIIB) . More importantly, Compound C treatment was able to inhibit the PS flow-increased AMPK activity and ERK5 and MEF2 phosphorylation ( Figure 4C ). These results established that the activation of KLF2 by AMPK is mediated through ERK5 and MEF2 in cultured ECs and documented a novel interaction between the AMPK and the MAPK signaling pathways. 
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AMPK-KLF2 Signaling In Vivo
To examine the role of the AMPK-KLF2 pathway in vivo, KLF2 expression was studied in AMPK knockout mice. AMPK ␣2 seems to play a more important role than AMPK ␣1 in fuel sensing and downstream signaling in vivo. 19, 21 Although we showed that both AMPK isoforms (␣1 and ␣2) have similar effects on KLF2 expression in cultured endothelial cells, we chose to study the AMPK-KLF2 signaling in ␣2 Ϫ/Ϫ mice because the in vivo results of ␣2 Ϫ/Ϫ mice studies in fuel sensing and downstream signaling are more robust, 19, 21 as well as the availability of the ␣2 Ϫ/Ϫ mice. To this end, aortas were harvested from C57BL6 wild-type and AMPK␣2 Ϫ/Ϫ mice, and protein lysates were prepared and used for immunoblotting analysis to assess the expression levels of KLF2 and its downstream target gene eNOS and the phosphorylation state of its upstream regulators AMPK, ERK5, and MEF2. As shown in Figure 5A , aortas from AMPK␣2 Ϫ/Ϫ mice exhibited reduced expressions of KLF2 and eNOS when compared to aortas from wild-type control mice. Moreover, aortas from AMPK␣2 Ϫ/Ϫ mice displayed a reduced phosphorylation level of AMPK, which was accompanied by decreases in ERK5 and MEF2 phosphorylations ( Figure  5B ). p-MEF2 en face immunostaining confirmed that the level of MEF2 phosphorylation in the thoracic endothelium of AMPK␣2 Ϫ/Ϫ mice was lower than that in the wild-type controls ( Figure 5C ). Collectively, these results indicate that AMPK is a regulator of KLF2 expression in the vascular wall in vivo, supporting our in vitro mechanistic studies.
Discussion
In this study, we investigated the mechanotransduction mechanisms by which shear stress upregulates KLF2 expression in vascular ECs. Data collected from both in vitro and in vivo experiments revealed that AMPK is an upstream kinase regulating KLF2 expression. Our results also provide mechanistic evidence that the KLF2 induction by PS is mediated via AMPK, ERK5, and MEF2 signaling.
AMPK, functioning as a cellular energy sensor, plays important roles in vascular biology. 20 Many stimuli such as hypoxia, estrogen, shear stress, adiponectin, and statins can act on the vascular EC to activate AMPK, which in turn phosphorylates eNOS Ser1177 to enhance the NO bioavailability in ECs. 10, 14, 15, 22, 23 Upregulation of KLF2 expression by the atheroprotective laminar shear stress causes elevation of eNOS expression and integration of the flow-mediated endothelial atheroprotective phenotype. 1, 3, 24 The mechanism underlying the shear stressinduced KLF2 has been investigated by several groups. Lingrel et al showed the importance of a phosphoinositide-3-kinase (PI3K)-dependent/Akt-independent pathway in the activation of KLF2 by shear stress and the involvement of nucleolin. 5, 25 Parmar et al showed that the flowdependent activation of KLF2 is mediated via a MEK5/ ERK5/MEF2 signaling pathway, suggesting the involvement of MAPK family in the regulation of KLF2. 3 Van Thienen et al demonstrated that shear stress sustain KLF2 expression through mRNA stabilization via PI3K dependent pathway. 26 However, Lingrel's group demonstrated that KLF2 promoter can be transcriptional activated by shear stress, possibly through a shear responsive element located at the KLF2 promoter region. 5 These results indicate that both mRNA stabilization and transcriptional activation are involved in the shear stress-upregulated KLF2. Here, we identify the AMPK as a key upstream regulator for ERK5 signaling that leads to KLF2 expression under shear. In RAW 264.7 cells, the PI3K inhibitor Worthmannin has been shown to abolish the nicotineinduced AMPK phosphorylation, 27 indicating the potential interaction between PI3K and AMPK. However, blocking PI3K with Worthmannin or LY2943002 had little effect on shear activation of AMPK and shear induction of KLF2 (data not shown). AMPK can be activated by 2 kinases, Peutz-Jeghers syndrome kinase LKB1 or Ca 2ϩ /calmodulin-dependent protein kinase kinase (CaMKK). 28, 29 Our earlier work 15 identified LKB1 as the upstream kinase causing AMPK Thr172 phosphorylation under steady Figure 5 . AMPK mediates KLF2 expression via the ERK5-MEF2 pathway in mouse models. Expression of KLF2 and phosphorylations of ERK5 and MEF2 are higher in the aorta of wild-type mice than those in AMPK␣2 Ϫ/Ϫ mice. The expression levels of KLF2, eNOS, and ␣-tubulin (A), and the phosphorylation of AMPK, ERK5, and MEF2 (B): 2 aortic extracts from the same line were pooled and subjected to immunoblotting. Bar graphs represent 3 independent repeats (a total of 6 animals pooled in 3 samples). C, En face immunostaining of phospho-MEF2 in thoracic endothelium, and nuclei were counterstained with DAPI. The immunostained images of antiphospho-MEF2 and DAPI were obtained by confocal microscopy. Bar graph represents 4 animals in each group. *PϽ0.05 between the wild-type and 〈⌴P⌲␣2 Ϫ/Ϫ samples.
shear, and we postulate here that PS activates AMPK via the same pathway. The mechanisms by which shear stress modulates the KLF2 expression, however, are complex and involve multiple signaling pathways. Because both AMPK and KLF2 are regulated by shear stress and able to augment nitric oxide production, the present study focuses on the elucidation of the role that the AMPK pathway plays in regulating the shear-induction of KLF2 expression. In our previous study, 16 steady laminar shear stress was found to induce a transient activation (5 to 30 minutes) of AMPK in BAECs. In the present study, PS caused a sustained activation of AMPK in cultured HUVECs. To determine whether the difference in AMPK time course was attributable to the difference in flow patterns used, we also studied the effects of steady laminar flow on HUVECs. In contrast to the transient AMPK activation in BAECs, steady flow induced a sustained AMPK phosphorylation in HUVECs (data not shown) in the same manner as pulsatile flow. Thus, the difference in the time course of the shear-activation of AMPK is most likely attribtuable to the difference in endothelial cell sources, bovine versus human.
In the current study, we identified the necessity of AMPK for the shear-induced phosphorylation of ERK5 and MEF2, and the expression of KLF2 and its downstream target genes. We also demonstrated that activation of AMPK (by AICAR) is sufficient for the induction of KLF2 expression, as well as the phosphorylation of its upstream signaling molecules ERK5 and MEF2. These results indicate an important role of AMPK in modulating the shear-activation of the ERK5/MEF2/KLF2 pathway and establish a novel link between the AMPK and the ERK5 signaling pathways.
To further validate this newly identified relationship between AMPK and ERK5/MEF2/KLF2 pathway, in vivo experiments were performed. We investigated the expressions of KLF2 and the activity levels of ERK5 and MEF2 in AMPK ␣2 knockout (AMPK␣2 Ϫ/Ϫ ) mice. Although AMPK ␣1 is more abundant in ECs, ␣2 also plays an important role in EC functions (eg, migration and tube formation 30 ). Our in vitro studies showed that AMPK␣1 and ␣2 play similar roles in ECs (see Figures 2C and 3E) . Because AMPK␣2 Ϫ/Ϫ plays more important roles in fuel sensing and downstream signaling in vivo 19, 21 and because of the availability of the AMPK␣2 Ϫ/Ϫ mice, we studied the AMPK-KLF2 signaling in the vessels of AMPK␣2 Ϫ/Ϫ mice. Our results demonstrated that KLF2 expression was significantly reduced and the phosphorylations of ERK5, MEF2, and eNOS were greatly attenuated in the aortas of AMPK␣2 Ϫ/Ϫ mice. Because of the exclusive expression of KLF2 in ECs, it is inferred that the decrease in aortic KLF2 expression in AMPK␣2 Ϫ/Ϫ mice would be attributable to that in endothelium. This notion was further demonstrated by phospho-MEF2 en face immunostaining.
In summary, our results demonstrated that AMPK is an upstream signaling molecule of the ERK5/MEF2/KLF2 pathway and documented the requirement of AMPK for the activation of ERK5/MEF2 signaling pathway and expression of KLF2 in the mouse vasculature. Our findings suggest that the PS activation of the AMPK/ERK5/MEF2/ KLF2 pathway may play an important role in the regulation of vascular homeostasis.
